During germ band elongation, widespread decapentaplegic (dpp) expression in the dorsal ectoderm patterns the underlying mesoderm. These Dpp signals specify cardial and pericardial cell fates in the developing heart. At maximum germ band extension, dpp dorsal ectoderm expression becomes restricted to the dorsal-most or leading edge cells (LE). A second round of Dpp signaling then specifies cell shape changes in ectodermal cells leading to dorsal closure. Here we show that a third round of dpp dorsal ectoderm expression initiates during germ band retraction. This round of dpp expression is also restricted to LE cells but Dpp signaling specifies the repression of the transcription factor Zfh-1 in a subset of pericardial cells in the underlying mesoderm. Surprisingly, we found that cis-regulatory sequences that activate the third round of dpp dorsal ectoderm expression are found in the dpp disk region. We also show that the activation of this round of dpp expression is dependent upon prior Dpp signals, the signal transducer Medea, and possibly release from dTCF-mediated repression. Our results demonstrate that a second round of Dpp signaling from the dorsal ectoderm to the mesoderm is required to pattern the developing heart and that this round of dpp expression may be activated by combinatorial interactions between Dpp and Wingless.
Introduction
Signals encoded by transforming growth factor-␤ (TGF-␤) family members fulfill essential roles during embryogenesis. decapentaplegic (dpp) is a well-characterized TGF-␤ family member in Drosophila melanogaster. During early stages of embryonic development, dpp expression is present in the dorsal 40% of syncytial blastoderm embryos (stage 4; Ray et al., 1991) and Dpp signals at this stage influence embryonic dorsal/ventral patterning (Irish and Gelbart, 1987) . During middle stages of embryonic development, the Drosophila embryo undergoes the morphological process of germ band extension and dpp expression in the dorsal ectoderm plays two additional roles.
dpp is expressed in a wide band of dorsal ectoderm during the early stages of germ band elongation (late stage 8; Ray et al., 1991) . Dpp signals at this stage influence heart development by maintaining the expression of tinman in the underlying dorsal mesoderm (Frasch, 1995; Xu et al., 1998) . tinman expression is required to specify all cardial and pericardial progenitor cells. The requirement for Dpp signals at this stage of heart development is demonstrated by the fact that embryos bearing loss of function mutations in dpp fail to express early cardiac cell markers such as bagpipe and even-skipped (Frasch, 1995) .
dpp expression in the dorsal ectoderm becomes restricted to the dorsal-most or leading edge cells (LE) by the time of maximum germband extension (late stage 10; Ray et al., 1991) . Dpp signaling at this stage influences morphological changes in LE cells and alters gene expression in adjacent ectodermal cells. These Dpp-dependent events are essential for the process of dorsal closure (Glise and Noselli, 1997) . The requirement for Dpp signals in the process of dorsal closure is demonstrated by two related observations. Embryos with mutations in the Dpp type II receptor thickveins fail to express dFos in cells adjoining the LE and dFos mutant embryos have a dorsal open phenotype (RiesgoEscovar and Hafen, 1997) .
At present there is no evidence that this second round of dpp dorsal ectoderm signaling influences events in the underlying mesoderm, yet dpp expression continues in LE cells through stage 17 (Newfeld and Takaesu, 2002) . Further, a recent study showed that phosphorylated Mad (pMad, the active form of Mothers against dpp, the Dpp signal transducer; Newfeld et al., 1996 Newfeld et al., , 1997 ) is detected in a subset of Drosophila heart progenitors during embryonic stages 12 through 14 (but not later stages; Knirr and Frasch, 2001) . By this time, the requirements for Dpp dorsal ectoderm signaling in tinman maintenance (late stage 8) and dFos expression (late stage 10) are past. Knirr and Frasch (2001) suggest that their p-Mad data reflect a second round of Dpp signaling from the dorsal ectoderm to the mesoderm (representing a third round of Dpp dorsal ectoderm signaling) that is required to further pattern the embryonic heart. Their data do not address what role a second round of Dpp dorsal ectoderm to mesoderm signaling may play in late stage heart development.
During late stages of heart development, two rows of cardial cells (these will form the heart proper) are flanked by Fig. 1 . dpp locus map. (A) Map of the dpp locus showing its chromosomal orientation and the genetically defined cis-regulatory regions, shortvein (shv), Haploinsufficiency (Hin), and disk. Map coordinates correspond to the 22F1-2 chromosome walk around dpp (St. Johnston et al., 1990) . Exons and their splicing patterns in the five known dpp transcripts are depicted beneath the coordinate line. Protein, coding regions are represented by black boxes. The inversion breakpoints of the dpp disk region mutations dpp d6 and dpp d5 are given. Cross-hatched boxes represent the degree of uncertainty for each breakpoint and dashed lines indicate chromosomal material removed by each inversion. The distal-most coordinate associated with each breakpoint is shown. The position of the 10-kb segment of the disk region contained in BS3.0 reporter construct is depicted and the location of the H{Lw2} enhancer trap insertion dpp 151H is shown. (B) Reporter genes containing portions of the dpp disk region near dpp 151H . Disk region sequences contained in reporter genes used in this study are represented by black boxes. The coordinates of the restriction sites used in constructing these reporter genes are shown. The embryonic expression pattern for each reporter construct is given. Consensus dTCF (Drosophila T-cell factor) binding sites in each reporter construct are shown. multiple rows of pericardial cells (Cripps and Olson, 2002) . One role for all pericardial cells is the expression of an extracellular matrix protein necessary for coordinating the morphological movements of dorsal closure with the overlying ectoderm cells (Chartier et al., 2002) . However, the existence of markers for several distinct subsets of pericardial cells [e.g., those expressing Odd-paired (Ward and Skeath, 2000) or Even-skipped ] suggests that the exact number of pericardial cell types and their individual physiological roles are still unknown.
Dpp signaling from the dorsal ectoderm involved in dorsal closure is regulated, in part, by sequences in the dpp Hin cis-regulatory region that contains the dpp transcription unit (Newfeld and Takaesu, 2002; Fig. 1A) . The dpp disk cis-regulatory region is located beyond the 3Ј end of all dpp transcripts (St. Johnston et al., 1990; Blackman et al., 1991) . Numerous reporter gene studies have shown that disk region sequences direct expression of dpp in imaginal disks (e.g., Blackman et al., 1991) and genetic analyses show that loss of disk region sequences result in adult appendage defects (St. Johnston et al., 1990; Masucci and Hoffmann, 1993) .
However, disk region directed expression of dpp in embryos has been noted. Blackman et al. (1991) show LE and lateral ectoderm expression of a dpp disk region reporter gene in a stage 15 embryo (germ band retracted). The lateral ectoderm expression may correspond to a second wave of Dpp signaling in peripheral nervous system development (Rusten et al., 2002) though this function has not yet been connected to the disk region by genetic analysis. Smith et al. (1993) show dpp LE expression from the disk region enhancer trap dpp 151H in a stage 12 embryo (early germ band retraction). To date, the function of disk region-directed dpp LE expression has not been characterized. Interestingly, disk region-directed dpp LE expression is seen in embryos of the same stage as those with unexplained p-Mad accumulation, as reported by Knirr and Frasch (2001) .
Here, we report the existence of a third round of dpp dorsal ectoderm expression that corresponds to a second round of dpp LE expression. The third round of dpp dorsal ectoderm expression also corresponds to a second round of Dpp signaling from the dorsal ectoderm to the mesoderm that influences heart development. In late stage embryos, Dpp signaling represses the expression of the transcription factor Zfh-1 in a subset of pericardial cells. We show that a subset of the enhancers driving the second round of dpp LE expression is located in the dpp disk cis-regulatory region and that expression from these enhancers may involve combinatorial interactions between the Dpp and Wingless signaling pathways.
Materials and methods

Molecular biology
Plasmid rescue and sequencing of genomic DNA flanking the H{Lw2}dpp
151H transgene was performed as described (Newfeld and Takaesu, 2002 
Fly stocks
The dpp d6 and dpp d5 mutations were generated in the initial x-ray mutagenesis screen for dpp mutations (Spencer et al., 1982) . The location of their chromosomal inversion breakpoints and their mutant phenotypes are as described (Hoffmann and Goodman, 1987; Gelbart, 1989; St. Johnston et al., 1990) . The Med 1 strain is as described (Raftery et al., 1995) . The dpp disk region enhancer trap H{Lw2}dpp
151H is as described (Smith et al., 1993) . The heart-specific enhancer traps, E2 3rd 9 and E7 3rd 63, are as described (Bier et al., 1989) . The dpp reporter genes BS3.0, BS3.2, BS3.21, BS3.22, BS3.1, and BS3.23 are as described (Kopp et al., 1999) . The dpp reporter genes dpp-H3/Nhe, dpp-H3/BsaBI, and dpp-H3/Ssp were a gift from L. Marsh and A. Syed (University of California, Irvine, CA). Multiple lines of each reporter gene (except BS3.0, BS3.1, and BS3.23) were examined to eliminate position effects. UAS.lacZ is as described (Brand and Perrimon, 1993) . UAS.dpp is as described (Staehling-Hampton and Hoffmann, 1994) . The LE.Ga14 driver is as described (Glise and Noselli, 1997) . The blue balancers CyO P[wg-lacZ] and TM3 P[Scr-lacZ] are as described (Kassis et al., 1992; Gindhart et al., 1995) .
Genetics
Blue balancer stocks were made using standard methods for all experiments using dpp disk mutant backgrounds. LE.Ga14:UAS.dpp embryos were obtained by crossing males homozygous for UAS.dpp with females homozygous for LE.Ga14. A stage of lethality study for dpp d6 was conducted as described (Brummel et al., 1994) .
Embryo immunostaining and RNA in situ hybridization
Immunostaining was performed as described (Thomas and Kiehart, 1994) with the following exceptions. Embryos were fixed in a 4% formaldehyde/PBST solution (1.37 M NaCl, 27 mM KCl, 81 mM Na 2 HPO 4 , 15 mM KH 2 PO 4 , 0.1% Triton X-100) mixed 1:1 with heptane. Fixed embryos were incubated for 45 min in a 3% H 2 O 2 /methanol solution. A 1:500 dilution of biotinylated goat anti-rabbit secondary antibody (Vector Laboratories, Burlingame, CA) was used to identify a 1:500 dilution of rabbit anti-lacZ primary (Organon Teknika Corp., West Chester, PA) and a 1:250 dilution of rabbit anti-Eve primary antibody (Frasch et al., 1987) . A 1:250 dilution of biotinylated goat anti-mouse secondary antibody (Vector Laboratories, Burlingame, CA) was used to identify a 1:300 dilution of mouse anti-Zfh-1a primary antibody (Lai et al., 1991) . The Vectastain Elite method (Vector Labs) incorporating diaminobenzidine was used to visualize antibody complexes. RNA in situ hybridization with a dpp cDNA was conducted as described (Ray et al., 1991) .
Statistics and sequence analysis
Zfh-1-expressing cells were counted in five to six embryos per stage per genotype. Standard deviations and t tests were calculated using Statview 4.5 (SAS Institute, Cary, NC). Genomic sequence for the D. melanogaster (AE003583) and D. virilis (U95037) dpp disk regions were downloaded from GenBank (Adams et al., 2000; Merli et al., 1996) . Both U95037 (2,748 -5,830 ) and AE003583 (250,054 -252,750) were trimmed to create homologous boundaries. These were analyzed comprehensively using the Filtered DotPlot implementation of the MegAlign Program (DNAstar; Maizel and Lenk, 1981 ) using a percent match criterion of 70%, a minimum window criterion of 1 and a window size of 10. The top 27 of 14,195 high scoring segments were filtered for display. The BS3.2, BS3.21, BS3.22, and BS3.23 transgenes span coordinates 250, 054 -252,750, 250,054 -251,733, 250,425-252,087, and 251,733-252,087 in AE003583, respectively.
Results
An enhancer trap in the dpp disk region suggests a second round of Dpp LE expression
The dpp 151H strain has a hobo transgene (Smith et al., 1993) inserted into the dpp disk region (Fig. 1A) . Plasmid rescue reveals a precise insertion of the transgene between nucleotides 251,529 and 251,530 of GenBank AE003583. The insertion point corresponds roughly to 111.4 kb on the dpp locus map (coordinates throughout the text correspond to the 22F1-2 chromosome walk around dpp (St. Johnston et al., 1990) ). dpp 151H lacZ expression initiates during early germ band retraction (at roughly stage 12) in a subset of LE cells ( Fig. 2D ) and continues through stage 17 (stage 13 expression is shown in Fig. 2F ). In contrast, dpp mRNA is expressed in the LE during germ band elongation ( Fig. 2A) and retraction ( Fig. 2C and 2E ).
In our experience, slight differences in gene expression levels between adjacent cells are not easily detected by in situ hybridization. Thus, additional dpp transcripts present in the subset of LE cells expressing lacZ from the dpp 151H insertion may not be easily visualized by dpp RNA in situ hybridization. What is clear is that the onset of dpp 151H expression occurs after dpp mRNA is first detected in the LE. We then wondered if the dpp 151H expression pattern reflected a second round of Dpp LE signaling (from the dorsal ectoderm to the mesoderm), as suggested by the p-Mad data of Knirr and Frasch (2001) .
dpp d6 mutant embryos have an excess of Zfh-1-expressing pericardial cells
The paracentric inversions generating the alleles dpp d6 and dpp d5 (St. Johnston et al., 1990 ) remove varying amounts of disk region sequences from the dpp locus (Fig.  1A) . dpp d6 is classified as a class III disk allele. Class III mutants are missing the terminal regions of most adult appendages (St. Johnston et al., 1990) . The distal-most position associated with the dpp d6 breakpoint is 102 kb (Gelbart, 1989) . dpp d5 is classified as a class II disk allele. Class II mutants are milder than class III and are characterized by loss of tissue in just three adult appendages (St. Johnston et al., 1990) . The distal-most position associated with the dpp d5 breakpoint is 110.8 kb (Masucci et al., 1990 ). Due to their proximity to the dpp 151H insertion site (111.4 kb), we reasoned that the dpp d6 or dpp d5 inversion might remove enhancers driving dpp 151H expression, thus eliminating a potential second round of Dpp LE expression.
If a second round of Dpp LE expression influences mesodermal cell fate during late stages of heart development, then we would need to be familiar with the wild-type expression patterns of cardial and pericardial cell markers such as Even-skipped (Eve), Seven-up, Zfh-1, and E7 3rd 63 (Cripps and Olson, 2002) . As we examined these markers, we noted an unusual feature of Zfh-1 expression that has not been previously described. Zfh-1 is a zinc finger and homeobox containing protein that is widely expressed in the dorsal mesoderm during early stages of heart development (Lai et al., 1991) . Following germ band retraction, Zfh-1 becomes restricted to pericardial cells (Lai et al., 1991; Fig. 3A) and is detected in these cells throughout the remainder of heart development (Lai et al., 1991; Fig. 3D and G) . Analysis of zfh-1 loss of function mutations showed that at early stages of heart development zfh-1 is required to maintain Eve expression but that at late stages Zfh-1 and Eve are expressed in nonoverlapping sets of pericardial cells. Examination of late stage zfh-1 mutant embryos revealed morphological defects in the heart that reflect the effects of Zfh-1 on other, as yet unidentified, pericardial genes . We noticed that the total number of pericardial cells expressing Zfh-1 decreases significantly from stage 13 to stage 17 in wild-type embryos (Table 1) .
When we assayed Zfh-1 expression in dpp d6 embryos, we found that the number of Zfh-1-expressing cells remains stable from stage 13 to stage 17. As a result, the number of cells expressing Zfh-1 in dpp d6 embryos at stage 15 and stage 17 is significantly greater than the number of Zfh-1-expressing cells in wild type (Table 2; Fig. 3E and H) . In contrast, the number of cells expressing Zfh-1 in dpp d5 embryos is essentially the same as wild type at all stages (Fig. 3C, F, and I) . These results suggest that a second round of dorsal ectoderm to mesoderm signaling derived from a second round of Dpp LE expression restricts the number of cells expressing Zfh-1 during late stages of heart development.
There are two plausible explanations for this observation. First, we may be observing a decrease in the number of cells expressing Zfh-1 as the result of the Dpp-directed specification of a new class of cells (non-Zfh-1-expressing cells) in a stable pericardial cell population. Alternatively, the decrease in the number of cells expressing Zfh-1 could be associated with an overall decrease in the number of pericardial cells due to Dpp-directed apoptosis (a phenomenon not yet seen in Drosophila but reported for a signaling pathway downstream of Dpp homologs in Xenopus; Yamaguchi et al., 1999) . To distinguish between these possibilities we examined the expression pattern of the enhancer trap E7 3rd 63 during late stages of heart development. E7 3rd 63 is widely expressed in both cardial and pericardial cells (Bier et al., 1989) . We found that the number of cells expressing E7 3rd 63 does not change significantly from stage 13 to stage 17 in wild-type embryos (Table 3) suggesting that the overall number of pericardial cells remains stable during late stage heart development.
These results suggest that there is a second round of dpp LE expression that signals from the dorsal ectoderm to the mesoderm to specify a novel class of pericardial cells. Further, the enhancer sequences driving the second round of and dpp d5 inversion breakpoints. To the best of our knowledge, this is the first formal demonstration of a dpp embryonic function regulated by disk region sequences.
dpp overexpression in the LE reduces the number of Zfh-1-expressing pericardial cells
To ensure that the increase in the number of cells expressing Zfh-1 we observed in dpp d6 homozygous embryos was due to the lesion in dpp and not the other breakpoint or a secondary mutation on the chromosome, we overexpressed dpp in a subset of LE cells after germ band retraction. If the function of the second round of Dpp LE signaling is to repress Zfh-1 in a subset of pericardial cells, then dpp overexpression in a manner temporally and spatially similar to that of dpp 151H expression should lead to a reduction in the number of Zfh-1-expressing cells.
In this experiment we utilized LE.Gal4 to drive UAS.dpp expression. LE.Gal4 is expressed in a subset of LE cells (Figs. 4B and 2F) . We reasoned that LE.Gal4:UAS.dpp embryos, that are otherwise wild type for dpp, would have an overabundance of dpp specifically coinciding with the second round of dpp LE expression.
We found that the number of cells expressing Zfh-1 was significantly reduced in LE.Gal4:UAS.dpp embryos when compared with wild type at stage 13 ( Fig. 4C and D ; Table  2 ). The number of Zfh-1-expressing cells in LE.Gal4: UAS.dpp embryos at later stages was consistently lower than wild type but the differences were not statistically significant. This result confirms that the increase in Zfh-1-expressing pericardial cells we observed in dpp d6 homozygous embryos is due to the lesion in dpp. In addition, the embryos showing statistically significant effects of dpp overexpression are the same stage as those with unexplained p-Mad accumulation (Knirr and Frasch, 2001 ). Taken together, these findings support our hypotheses that there is a second round of Dpp LE signaling from the dorsal ectoderm to the mesoderm and that its function is to repress Zfh-1 expression in a subset of pericardial cells.
dpp d6 mutant embryos show normal expression of other heart cell markers
There are two plausible mechanisms by which dpp expression could result in a decrease in the number of pericardial cells expressing Zfh-1. First, Zfh-1 repression could be a specific target of the second round of Dpp LE signaling as a mechanism for specifying a new class of pericardial cells. Alternatively, Dpp could be acting as a global repressor of gene expression, possibly to shut down developmental genes in terminally differentiated heart cells. To distinguish between these possibilities we examined the expression patterns of three markers that together label nearly all known heart cells. We compared the expression pattern of two enhancer traps, E2 3rd 9 and E7 3rd 63, and Eve in wild-type and dpp d6 mutant embryos. The enhancer trap E2 3rd 9 is inserted in seven-up (Gajewski et al., 2000) . In wild-type embryos, E2 3rd 9 is expressed in two pairs of cardial cells per segment commencing during germ band retraction (Bier et al., 1989; Gajewski et al., 2000) . The number of E2 3rd 9 cells observed in dpp d6 embryos is essentially the same as wild type at all stages ( Fig. 5A and B) . The enhancer trap E7 3rd 63 is inserted in an unknown gene. In wild-type embryos, E7 3rd 63 is expressed in one row of cardial and one row of pericardial cells commencing after germ band retraction Table 2 for details. (Bier et al., 1989) . The number of cells expressing E7 3rd 63 in dpp d6 embryos is essentially the same as wild type at all stages ( Fig. 5C and D) . In wild-type embryos, Eve is expressed in two pairs of pericardial cells per heart segment commencing at stage 12 (Carmena et al., 1998) . The number of cells expressing Eve in dpp d6 embryos is essentially the same as wild type at all stages ( Fig. 5E and F) . In addition, we observed wild-type expression for these markers in dpp d5 backgrounds (data not shown). While far from an exhaustive survey of heart cell markers, these results support our hypothesis that Zfh-1 repression is a specific function of the second round of Dpp LE signaling as a mechanism for specifying a class of "nonZfh-1 expressing" pericardial cells. Recent studies have shown that the repression of gene expression, particularly the repression of transcription factors involved in cell fate specification, plays an important role during the early stages of Drosophila heart development (Jagla et al., 2002) .
Identifying enhancers in the disk region that drive the second round of dpp LE expression
As part of a computational analysis of the molecular evolution of cis-regulatory sequences, a 15-kb segment of the dpp disk region was compared between D. melanogaster and D. virilis (Bergman and Kreitman, 2001 ). These species are of sufficient evolutionary distance that conserved noncoding sequences are reliable guides to enhancer elements (Hardison, 2000) . In an attempt to locate the enhancers regulating the second round of dpp LE expression we mapped conserved sequences to dpp disk region reporter genes described by Kopp et al. (1999) .
We focused on the region surrounding the dpp 151H insertion site. This region is contained in the dpp reporter gene BS3.2 (110.3 to 113.2 kb). In addition, several reporter genes contain subsets of this 2.9-kb region (BS3.21, BS3.22, and BS3.23; Fig. 1B ). Our map (Fig. 6) shows numerous blocks of conserved sequences. Among these is a group of highly conserved sequences shown in orange within BS3.23 (also referred to as dppho-lacZ; Hepker et al., 1999) . These sequences have an important function modulating dpp expression in wing hinge development (Hepker et al., 1999) . A second highly conserved region, shown in red, is present within BS3.2. This region is approximately 400 bp inside the distal boundary shared by BS3.2 and BS3.21 and is composed of 96 nucleotides that are 95% identical between these species. The likelihood of a match of this magnitude occurring by chance is 1e
Ϫ36 . This region does not correspond to sequences important in modulating dpp expression in wing blade development as reported by Muller and Basler (2000) . The wing blade enhancer is located in BS3.1 just distal to BS3.2 (Fig. 1B) . The presence of multiple blocks of conserved sequences near the dpp 151H insertion site suggested that we should examine the embryonic expression patterns of appropriate reporter genes.
The disk region reporter gene BS3.21 shows expression in the LE
The largest reporter construct we investigated, BS3.0 (107 to 117; Fig 1B) , has been shown to display LE and lateral ectoderm expression in embryos (Blackman et al., 1991) . BS3.0 LE expression is very similar to that of dpp 151H . We then examined the embryonic expression patterns of eight reporter genes that are subclones of BS3.0. Of these, only BS3.21 shows LE expression reminiscent of dpp 151H expression (Figs. 7A and 2D ). The correspondence between BS3.21 and dpp 151H expression suggests that some of the enhancers driving the second round of dpp LE expression are located within the boundaries of BS3.21 (110.3 to 112.3).
Interestingly, six other constructs (e.g., BS3.22; Fig. 7D (Fig. 1B) . All of the BS3.0 subclone reporter genes without LE expression contain some or all of the dTCF binding sites while BS3.21, which shows LE expression, contains none (Fig. 1B) . This suggests a role for Wg signaling via dTCF in the repression of the second round of dpp LE expression.
BS3.21 LE expression requires dpp autoregulation and Medea
In a number of tissues, Dpp signaling directly or indirectly influences dpp transcription (autoregulation). For example, in the wing imaginal disk Dpp signals activate dpp enhancer sequences contained within BS3.2 (Hepker et al., 1999) . BS3.21, the reporter gene that displays LE expression, contains a subset of the sequences contained in BS3.2 (Fig. 1B and Fig. 6 ). This suggested to us that Dpp signaling may be involved in BS3.21 expression. We then examined BS3.21 expression in dpp d6 and dpp d5 embryos. BS3.21 expression fails to initiate in dpp d6 embryos (Fig.  7B ) but initiates normally in dpp d5 embryos (Fig. 7C ). This result suggests that BS3.21 expression requires prior dpp expression and that the dpp d6 mutation eliminates this aspect of dpp expression. The effect of the dpp d6 mutation on BS3.21 expression cannot be explained by the disruption of cis-regulatory interactions or transvection because these embryos carry a BS3.21 insertion on chromosome 3 and dpp is located on chromosome 2. Since the dpp d5 mutation does not effect BS3.21 expression, we conclude that dpp disk region sequences between dpp d6 and dpp d5 (102 and 110.8; To test the possibility that Dpp signaling is directly autoregulating the second round of dpp LE expression we assayed dpp 151H expression in Medea mutant embryos. Medea is a Dpp signal transducer and transcriptional activator that cooperates with Mad in the activation of many Dpp target genes (Wisotzkey et al., 1998) . If Dpp signaling plays a direct role in the second round of Dpp LE expression, then dpp 151H expression should be reduced in a Med mutant background. We found that dpp 151H expression initiates normally ( Fig. 8B and D) due to Medea maternal contribution but is not maintained at wild-type levels in Med 1 embryos (Fig. 8F ). This suggests that Dpp signaling via Medea directly activates the second round of dpp LE expression.
Discussion
Our study suggests that a second round of dpp LE expression leads to a second round of Dpp dorsal ectoderm to mesoderm signaling. The role of the second round of Dpp LE signaling appears to be the specification of a novel subset of pericardial cells by repressing the expression of the transcription factor Zfh-1. Our analysis showed that sequences in the dpp disk region and the signal transducer Medea are required for the second round of dpp LE expression.
A second round of Dpp LE signaling specifies the fate of a subset of pericardial cells
Our expression data reveal that a second round of dpp LE expression initiates during germ band retraction. Our genetic analyses suggest that these Dpp signals influence pericardial cell fate specification by repressing Zfh-1 expression. These results provide an explanation for the observation that p-Mad is detectable in pericardial cells of germ band retracted embryos (Knirr and Frasch, 2001) . Most likely, the second round of Dpp LE signaling stimulates p-Mad accumulation in pericardial cells during the repression of Zfh-1 expression.
Our study also extends previous studies of Zfh-1. To date, the only known function of Zfh-1 in the mesoderm is to maintain Eve expression in pericardial cells during early stages of heart development. However, late stage zfh-1 mutant embryos show heart defects not explainable by the failure to maintain Eve expression. These results led to the suggestion that Zfh-1 has additional roles during late stages of heart development . The presence of unexplained heart defects in zfh-1 mutant embryos supports our hypothesis that the second round of Dpp LE signaling functions, through repression of Zfh-1, to specify a single pericardial cell type during late stages of embryonic heart development. Perhaps the heart defects of zfh-1 mutants are due to an excess of non-Zfh-1-expressing pericardial cells.
Similarities between the second round of Dpp LE signaling and Dpp midgut signaling
The second round of Dpp LE signaling shares a number of features with Dpp signaling in the embryonic midgut. For example, in both cases Dpp signals across germ layers during late stages of organogenesis to specify a single cell type via the modulation of transcription factor expression. In the midgut, Dpp signaling from the visceral mesoderm to the endoderm specifies a single cell type (copper cells) through the activation of the transcription factor labial during late stages of midgut morphogenesis (Hoppler and Bienz, 1994) .
Another interesting similarity between these two aspects of Dpp signaling is the unexpected location of their cisregulatory sequences. The cis-regulatory sequences governing dpp visceral mesoderm expression are located in the shv region (Fig. 1A) . However, phenotypic analyses of dpp shv mutations, including those that lack dpp visceral mesoderm expression (e.g., dpp s6 , a 4.5-kb deletion), reported only postembryonic lethality and adult appendage defects (Segal and Gelbart, 1985; Masucci and Hoffmann, 1993) . Thus, the elimination of dpp visceral mesoderm expression and a subsequent loss of a single cell type (copper cells) in dpp s6 individuals did not lead to embryonic lethality. As a result, early studies of dpp (St. Johnston et al., 1990) ascribed no embryonic function to the shv region.
Similar circumstances apply to the dpp disk region. Phenotypic analyses show that homozygous dpp disk mutations display postembryonic lethality or adult appendage defects (e.g., Masucci et al., 1990 , Held et al., 1994 . Reporter gene studies show that dpp disk region sequences direct dpp expression in imaginal disks (Blackman et al., 1991) . Thus, until now, no embryonic functions have been ascribed to the disk region.
To determine if a small percentage of embryonic lethality in dpp d6 mutants may have been missed in previous studies we conducted an explicit stage of lethality study for dpp d6 homozygous individuals (the genotype showing Zfh-1 repression). We determined that dpp d6 homozygous embryos become larvae at exactly the same rate as individuals with a homozygous viable and fertile dpp disk mutation (dpp d-ho ; data not shown). Thus, analogous to dpp shv mutations and copper cell specification, the absence of a single pericardial cell type in the heart in dpp d6 mutants does not cause embryonic lethality.
Interactions between Dpp and Wg may regulate the second round of Dpp LE expression
Our genetic analysis demonstrates that some of the enhancers responsible for the second round of dpp LE expression are contained within the portion of BS3.21 that is not distant Drosophila species (shown in red in Fig. 6 ). An examination of this 96-base pair stretch reveals a candidate Mad/Med binding site that is 100% conserved between the (Brook and Cohen, 1996) . Two recent studies have been conducted to identify the factors and cis-regulatory sequences mediating Wg repression of dpp expression in leg disks. These studies showed that either the expression of a dominant negative form of dTCF (UAS.⌬N.dTCF; van de Wetering et al., 1997) or the mutation of all dTCF binding sites in the reporter gene dpp-H3/Nhe (Fig. 1B) eliminated Wg repression of dpp expression in leg disks (Marsh, L., Syed, A., personal communication). This suggests that Wg signaling represses dpp expression in leg disks via the dTCF binding sites near 110.3 and/or near 112.3 (Fig. 1B) . These are the dTCF sites just outside of BS3.21 that are contained in all of the overlapping reporter genes that fail to display LE expression.
Thus, combining these studies with our data, we propose a model for the regulation of the second round of dpp LE expression (Fig. 9 ). In this model, combinatorial interactions between Dpp and Wg signals regulate the second round of dpp LE expression. We propose that during early stages of heart development Wg signals repress transcription from the disk region enhancers responsible for the second round of dpp LE expression via dTCF sites, just as Wg represses dpp expression in leg disks. Subsequently during germ band retraction, an as yet unidentified factor expressed in a subset of LE cells activates the second round of dpp LE expression. This factor appears to play a dual role, simultaneously disabling Wg repression and positively stimulating the second round of dpp LE expression. Once activated, Dpp autoregulation takes over to maintain the second round of dpp LE expression.
An alternative model is suggested by studies of dpp midgut expression. Yang et al. (2000) showed that during early stages of midgut morphogenesis dTCF acts to repress dpp expression in the visceral mesoderm. Subsequently, Wg signaling from adjacent cells relieves dTCF repression and activates dpp expression. However, we favor the first model since it is drawn from interactions associated specifically with the disk region sequences involved in the second round of dpp LE expression.
Interestingly, each of the three rounds of dpp dorsal ectoderm expression and Dpp signaling involve input from Wg in a different fashion (Fig. 9) . During the first round of Dpp signaling (to mesoderm), wg and dpp are independently required to maintain tinman expression (Wu et al., 1995) . During the second round of Dpp signaling (the first from the LE but signaling within the ectoderm), Wg positively regulates dpp expression in concert with Dpp and the transcriptional cofactor Nejire (Newfeld and Takaesu, 2002) . During the third round of Dpp signaling (the second round from the LE and the second round to the mesoderm), we propose that Wg signals repress Dpp signals in the absence of an activator.
Is the second round of Dpp LE signaling conserved in vertebrates
The initial round of Dpp dorsal ectoderm to mesoderm signaling (the specification of heart progenitors via the maintenance of tinman expression) is conserved in vertebrate heart development. The mammalian homolog of Dpp (bone morphogenetic protein-2, BMP2) specifies cell fate in Fig. 9 . Model for three rounds of Dpp signaling from the dorsal ectoderm. Left panel-first round: During stages 9/10 (germ band elongation), dpp is expressed broadly in the dorsal ectoderm (DE) . At this stage, Dpp signals directly maintain tinman expression in the underlying dorsal mesoderm (DM). Independent of Dpp, wg is also required to maintain tinman expression via an unknown mechanism. Center panel-second round: By stage 11 (maximum germ band extension), dpp expression becomes restricted to leading edge (LE) cells and is now dependent on input from both Wg and Dpp. At this stage, Dpp signaling from the LE regulates the expression of dorsal closure (DC) genes in LE cells and in adjacent ectodermal cells. There is no evidence that Dpp signals from the LE at this stage affect the underlying mesoderm. Right panel-third round: Beginning at stage 12 (germ band retraction), dpp is reexpressed in a subset of LE cells. At this stage, dpp expression is dependent on prior Dpp signals and an uncharacterized factor that may be responsible for relieving Wg repression of dpp expression via dTCF and/or directly activating dpp expression itself. This second round of Dpp LE signaling antagonizes zfh-1 expression in underlying pericardial cells (PC). There is no evidence that Dpp signaling from the LE at this stage affects underlying cardiac cells (CC). the cardiac mesoderm by regulating the expression of the tinman homolog Nkx2.5 (Andree et al., 1998; Schlange et al., 2000) . Further, the interaction between Dpp and tinman and between BMP-2 and Nkx2.5 is via evolutionarily conserved enhancers recognized by the homologous signal transducers Medea and Smad4 (Liberatore et al., 2002; Lien et al., 2002) .
Here, we present two arguments suggesting that the second round of Dpp dorsal ectoderm to mesoderm signaling is also conserved in vertebrate development. First, BMP signaling represses endothelial cell fates in the cranial vasculature of zebrafish during late stages of embryonic development (Roman et al., 2002) . Evidence for the repression of endothelial cell fate is an overabundance of endothelial cells in the cranial blood vessels of violet beauregarde (vbg) mutants. vbg encodes the BMP type I receptor similar to the Drosophila Dpp type I receptor Saxophone (Newfeld et al., 1999) . To us, the similarity of the mutant phenotypes (overabundance of Zfh-1 expressing pericardial cells in dpp d6 mutants and overabundance of endothelial cells in vbg mutants) is intriguing. Second, SIP1 (Smad interacting protein) is most likely the vertebrate homolog of Zfh-1 (Verschueren et al., 1999) . Experiments in Xenopus showed that SIP1 expression in the mesoderm is repressed by BMP overexpression and induced in the absence of BMP signaling (Zwijsen et al., 2001) . The similarity of the interactions and their tissue specificity (Dpp represses Zfh-1 in mesodermally derived pericardial cells and in BMP represses SIP1 in mesodermal cells) suggests evolutionary conservation.
In summary, we have described the role and regulation of a second round of dpp LE expression that corresponds to a second round of Dpp signaling from the dorsal ectoderm to the mesoderm during late stages of heart development. We show that a second round of Dpp LE signaling represses the expression of the transcription factor Zfh-1 in a subset of pericardial cells. We show that a subset of the enhancers driving this round of dpp LE expression are located in the dpp disk cis-regulatory region. We show that expression from these enhancers requires prior Dpp signaling and possibly release from dTCF-mediated repression by Wg. We believe that the continued analysis of the second round of Dpp LE signaling will provide new clues to understanding vertebrate cardiovascular development.
